Telocytes (TCs) newly discovered as the mesenchyme-derived interstitial cells were found to have supportive effects on mesenchymal stem cells (MSCs). The present study aimed at investigating effects of TCs or TCs gathered with MSCs on experimental airway inflammation and hyper-responsiveness. The TCs were isolated from the lung tissue of the female BALB/c mice. The ovalbumin (OVA)-induced asthma model was established. TCs (1 9 10 6 /2 9 10 6 ) and/or MSCs (1 9 10 6 ) were injected through mice tail vein for consecutive three days before OVA excited the mice. This study at first demonstrated that the transplantation of TCs could improve allergen-induced asthma by obviously inhibiting airway inflammation and airway hyper-responsiveness preclinically, with the down-regulation of Th2-related cytokine IL-4, transcription factor GATA-3 and Th2 cell differentiation, while up-regulation of Th1-related cytokine IFN-c, transcription factor T-bet and Th1 cells proliferation in asthma, just like MSCs. Co-transplantation of TCs with MSCs showed better therapeutic effects on experimental asthma, even though the therapeutic effects of TCs alone were similar to those of MSCs alone. TCs and the combination of TCs with MSCs could improve the airway inflammation and airway hyper-responsiveness and can be a new alternative for asthma therapy.
Introduction
Telocytes (TCs) are newly discovered as the mesenchyme-derived interstitial cells in recently years [1] , of which the typical long prolongations named as the telopode with the vital morphological feature to connect to other cells [2] . TCs can form a number of three-dimensional networks with other cells through multipoints and local close contacts of telopode [3] . Biological functions of TCs can be performed in patterns of juxtacrine and paracrine by producing extracellular vesicles to transfer the signalling materials to neighbouring cells [4, 5] . TCs play an important role in maintenance and regulation of the microenvironmental homoeostasis through the intercellular signalling transduction, neurotransmitter transmission, immune regulation or immune surveillance [6] . Moreover, TCs comprise Oct4-positive cell, which express pluripotency-related genes [7] .
Pathophysiological changes of TCs quantity or function were noticed in a large number of diseases, such as myocardial infarction, heart failure, inflammatory bowel disease, liver fibrosis and systemic sclerosis [8] [9] [10] [11] . Mesenchymal stem cells (MSCs) were found to experimentally alleviate the airway inflammation and decrease airway hyper-responsiveness [12] and secrete soluble cytokines through paracrine to regulate T cells to treat asthma [13, 14] . Depending on the role of TCs on the immune regulation, we speculate that TCs may play a role in asthma like MSCs. TCs are widely distributed in the lung tissue, but the study on the effect of TCs in asthma is rare. This study aimed to investigate whether TCs could be used to treat asthma in animal models.
Materials and methods

Animals
Female BALB/c mice, weighing 18-22 g (6-8 weeks), were provided by Animal Facility in Biomedical Research Center of Zhongshan Hospital, Fudan University. This study was approved by the Fudan University Ethical Committee for animal experiments.
Lung TCs isolation and identification
The isolation and identification of lung TCs were described by previous study [15] . Briefly, mice were anaesthetized, of whom the lung tissues were isolated and digested by digestive fluid. After neutralizing digestive fluid, the fluid was filtered by 40 lm cell strainer and then centrifuged at 400 g for 5 min. Cells were collected and cultured in culture bottles in incubator (37°C, 5% CO 2 ). The supernatant was moved into new culture bottles 30 min. after cell adhesion on the plate. Cells were selected, purified and further amplified to meet the need for the experiment. The TCs were identified according to the morphology and immunofluorescent staining using mouse anti-cKit antibody, rat anti-vimentin antibody and rabbit anti-CD34 antibody (1:200 dilution; Abcam, Cambridge, UK). After incubated overnight at 4°C with the first antibodies diluted in 1% bovine serum albumin (BSA) in PBS, the slides were washing in PBS for three times. Then, sections were incubated with PE conjugated antimouse secondary antibodies, PE conjugated anti-rat secondary antibodies or FITC conjugated anti-rabbit secondary antibodies according to the manufacturer (1:150 dilution; Abcam). DAPI was used to mark nuclear according to the manufacture (Abcam).
MSCs isolation and identification
The femur and tibia of mice were isolated under sterile condition. The osteoepiphysis of femur and tibia were cut off, and the marrow cavities were washed with DMEM/F12 medium. The lavage fluid was centrifuged at 100 g for 10 min., and cells were collected and cultured in incubator (37°C, 5% CO 2 ), after red blood cells were lysed. The medium was changed every 48 hrs, and MSCs were identified according to the morphology and flow cytometry for cell markers such as CD90-PE, CD105-PE and CD34-PE (1:50 dilution; BD Biosciences, Palo Alto, CA, USA).
Induction of asthma models
The mice were intraperitoneally injected with 100 ll 0.02% ovalbumin (OVA) and 100 ll Al(OH) 3 suspension (Sigma-Aldrich, St. Louis, MO, USA) at 1, 8 and 15 days (d). At 25-28 days, the mice were per-nasally instilled with 50 ll 0.4% OVA. The airway reactivity was measured, and specimens were collected 24 hrs after the last provocation. At 22-24 days, the mice were intravenously injected with the suspension of TCs alone, MSC alone, or the combination for 3 consecutive days.
BALB/c mice were randomly divided into seven groups (n = 10/ group): (1) animals were intraperitoneally sensitized with OVA, intratracheally provoked with vehicle and intravenously treated with vehicle as negative controls (PBS); (2) animals sensitized with OVA, provoked with vehicle and treated with TCs at 10 6 per day (PBS + TCs); (3) animals sensitized and provoked with OVA, and treated with vehicle as positive controls (OVA); (4) animals sensitized and provoked with OVA, and treated with TCs at 10 6 per day (L-TCs); (5) animals sensitized and provoked with OVA, and treated with TC at 2 9 10 6 per day (H-TCs); (6) animals sensitized and provoked with OVA, and treated with MSCs at 10 6 per day (MSC); and (7) animals sensitized and provoked with OVA, and treated with the combination of TCs and MSCs at 10 6 per day, respectively (TCs + MSC) (Fig. S1 ).
Detection of migration to the lungs of TCs and MSC
An additional experiment was designed to confirm the migration of TCs and MSCs into the lung after the intravenous injection of the living TCs labelled with PKH26 (Red) and MSC with 5(6) 
Frozen sections of lungs were prepared to observe the distribution of TCs and MSCs using Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).
Measurement of bronchial hyper-responsiveness
The airway hyper-responsiveness 24 hrs after the last provocation of OVA was measured using the FinePointe Resistance and Compliance (Buxco, Wilmington, NC, USA) as lung resistance (RL). The concentrations of methacholine for provocation were 6.25, 12.5 and 25 mg/ml, respectively. The percentage of RL value and basal RL value were used to reflect the airway responsiveness after the provocation of methacholine.
Pathological evaluations
Pathological changes of lung injury were evaluated according to Underwood's standard of lung histopathological scoring [16] . The hyperplasia and hypertrophy of the goblet cells in the airway were assessed with PAS. The processes were separately conducted by two pathologists, and the average values were used for the results.
Assay of airway inflammation
Leucocytes in the bronchoalveolar lavage fluid (BALF) were harvested, stained with Wright-Giemsa dye and counted after centrifugation at Table 1 Primer sequences for the RT-PCR
Gene
Forward primer Reverse primer 
Isolation and validation of spleen cells
An additional experiment was designed and performed to evaluate CD4+ T-cell phenotypes. The mouse spleen was acquired under sterile condition, cut into small pieces and filtered with 70-lm strainer to remove the capsule and connective tissue. The cell supernatant was collected and centrifuged at 1500 rpm for 10 min., with thrice washes atTris-NH4 cl. FACSAria II flow cytometry (BD Biosciences, San Diego, CA, USA) was used to test spleen CD4+ T-cell subgroups in animals mentioned above. The CD4+ T cells were isolated by flow cytometry and then were labelled with IFN-c-PE, IL-4-PE and Foxp3-PE antibodies (BD). The proportion of CD4 + IFN-c+ T cells, CD4 + IL-4+ T cells and CD4 + Foxp3+ T cells was accounted. The mRNA expression of T-bet, GATA-3 and Foxp3 in lung tissues harvested from various groups was measured on basis of gene probes as listed in Table 1 , using RotorGene 3000 fluorescence ration PCR instrument (Corbett Research, Sydney, Australia).
Statistics
Data were analysed using IBM SPSS Statistics 20 (Chicago, IL, USA). Each point corresponds to the mean AE S.E.M. Statistical differences between two groups were determined by t-test, and statistical differences among more than two groups were determined using ANOVA. P < 0.05 was considered significant.
Results
The identification and distribution of TCs
The lung-origin TCs were identified with the morphological features (Fig. 1A) combined with relatively special cellular surface biomarkers CD34, c-kit and vimentin (Fig. 1B-D) , especially the extending cellular process-telopode which did not appear in MSCs (Fig. 1E) . The flow cytometry demonstrated that the surface biomarkers CD90 and CD105 were positive and CD34 was negative in MSCs (Fig. 1F) . Lung distribution of PKH26-labelled TCs and/or CFSE-labelled MSC was traced after the intravenous injection and shown in Figure 1G capillaries and some in the interstitial space where some TCs gathered with MSCs.
Roles of TCs in the airway hyper-responsiveness
The similar levels of airway hyper-responsiveness were found in OVA animals treated with vehicle and L-TCs after the exposure to the low concentration of methacholine at 6.25 mg/ml (P = 0.14, Fig. 2 ). Treatments with H-TCs or MSCs alone or the combination (TCs + MSC) significantly reduced airway hyper-responsiveness to OVA, as compared with those with vehicle (P < 0.05 or less, respectively). When stimulated with the concentration of methacholine is 12.5 mg/ml, the airway hyper-responsiveness of OVA animals treated with L-TCs, H-TCs, MSCs or TCs + MSC was significantly lower than those treated with vehicle (P < 0.05 or less, respectively) after the exposure of middle concentration of methacholine at 12.5 or 25 mg/ml, respectively. At exposure to high concentration of 25 mg/ml, the level of airway hyperresponsiveness in OVA animals treated with TCs + MSCs was lower than those treated with L-TCs alone (P = 0.004).
Roles of TCs in airway inflammation and mucus secretion
The score of pathological changes in OVA animals treated with L-TCs, H-TCs, MSC or TCs + MSC was significantly lower than those treated with vehicle, while still higher than animals provoked and treated with vehicle (P < 0.05 or less, respectively, Fig. 3A ). The score of OVA animals treated with TCs + MSC was lower than those treated with LTCs, H-TCs or MSCs alone (P < 0.05 or less, respectively). Figure 4B demonstrated the proportion of airway goblet cells to epithelial cells in OVA animals treated with vehicle was significantly higher than in those treated with L-TCs, H-TCs, MSCs or TCs + MSC (P < 0.05 or less, respectively). The percentage of airway goblet cells in OVA animals treated with TCs + MSC was significantly lower than in those treated with either TCs or MSCs alone, respectively (P < 0.05 or less, respectively), similar to the levels of animals sensitized with OVA and provoked with vehicle (P = 0.149). The percentage of airway goblet cells in OVA animals with MSC group was significantly lower than in those treated with TCs at low and high concentrations (P = 0.004, P = 0.046, respectively).
Roles of TCs in OVA-induced inflammation
The total leucocytes (Fig. 4A ) and eosinophils ( Fig. 4B ) in BALF significantly increased in OVA animals treated with vehicle, as compared with those provoked and treated with vehicle (P < 0.05), which was prevented by treatments with L-TCs, H-TCs, MSCs or TCs + MSC (P < 0.05 or less, respectively), although the levels are still higher than in those provoked and treated with vehicle. The number of total leucocytes in BALF of OVA animals treated with TCs + MSC was significantly lower than those treated with either TCs or MSCs alone (P < 0.05 or less, respectively). The number of eosinophils in animals with TCs + MSC was not different from those provoked and treated with vehicle (P = 0.155), while the number of total leucocytes was still higher (P = 0.049).
Ovalbumin provocation significantly increased levels of IL-4 and OVA-specific IgE and decreased IFN-c proteins in BALF (Fig. 4C-E , respectively) and serum ( Fig. 4G-I , respectively), which were prevented by treatment with TCs, MSCs or TCs + MSC. Levels of TGF-b in BALF (Fig. 4F) and serum (Fig. 4J) significantly increased after the treatment with TCs, MSCs or TCs + MSC, as compared with OVA animals treated with vehicle (P < 0.05 or less, respectively).
The effect of TCs on the proportion of spleen CD4+ T-cell subgroup
The proportion of spleen CD4 + IL4+ T cells was significantly increased in OVA animals treated with vehicle, while CD4 + IFN-c+ or CD4 + Foxp3+ T cells decreased, as shown in Figure 5A -D, which were improved by the treatment with L-TCs, H-TCs or TCs + MSC (P < 0.05 or less, respectively). The proportion of spleen CD4 + IL4+ T cells in OVA animals treated with TCs + MSCs was significantly lower, as compared with those with L-TCs or H-TCs alone (P = 0.036, P = 0.048, respectively).
mRNA expression of GATA-3 ( Fig. 5E ) up-regulated, while T-bet (Fig. 5F ), and Foxp3 (Fig. 5G) down-regulated on spleen CD4+ T Fig. 2 The effect of telocytes (TCs) on the airway hyper-responsiveness. When stimulated with the concentration of methacholine was 6.25 mg/ml, the airway hyper-responsiveness was similar between LTCs group and ovalbumin (OVA) group; the airway hyper-responsiveness of the H-TCs group, mesenchymal stem cells (MSC) group and TCs + MSC group was lower than OVA group. When stimulated with the concentration of methacholine was 12.5 and 25 mg/ml, the airway hyperresponsiveness of four groups was lower than OVA group (n = 4/group). 
Discussion
Preclinical studies demonstrated that MSC could alleviate airway inflammation and airway hyper-responsiveness in allergic models [12] . The present study provided the initial evidence that the intravenous transplantation of TCs could improve lung inflammation and hyper-responsiveness in experimental asthma and the combination of TCs with MSCs showed better therapeutic effects on allergen-induced lung inflammation. We also found the therapeutic effects of TCs were similar to MSCs on airway hyper-responsiveness, infiltration of inflammatory cells, production of inflammatory mediators, and goblet cell hypertrophy and hyperplasia.
Th1/Th2 imbalance was considered as the pathogenesis of asthma, and the decreased quality and quantity of Treg cells were suggested to play the critical roles in the development of asthma [17, 18] . MSCs were found to up-regulate Treg cells and inhibit immune hyper-responses through secreted TGF-b [19, 20] , and influence and reverse the Th1/Th2 imbalance by promoting Th1 cells differentiation through secreted IFN-c [21] . Results from the present study demonstrated TCs could influence the balance of Th1/Th2 by the down-regulation of Th2-related cytokine IL-4, transcription factor GATA-3 and Th2 cell differentiation, and up-regulation of Th1-related cytokine IFN-c, Th1-related transcription factor T-bet and Th1 cells proliferation. With therapeutic effects of TCs on experimental asthma, we found that TCs could Fig. 3 The effect of telocytes (TCs) on the airway inflammation and mucus secretion. TCs significantly decreased the airway inflammation (A) and mucus secretion (B). There was no statistically difference between L-TCs group and H-TCs group. TCs+ mesenchymal stem cells (MSC) group had a stronger inhibitory effect on the airway inflammation and mucus secretion (n = 6/group) (9200). *P < 0.05 versus PBS group; #P < 0.05 versus ovalbumin (OVA) group; +P < 0.05 versus TCs + MSC group; &P < 0.05 versus MSC group. The previous studies found that there were many TCs distributed around the stem cell niches in organ tissue [23, 24] . Such niches are full of adult stem cells in various organ tissues and play an important role in stem cells survival and differentiation [25, 26] . It may be easier to understand that TCs can surround the stem cells through telopode and form the juxtacrine and paracrine to supply nutrition support or signalling transduction on stem cells, as called 'stem cell helper cells' [27] . In addition, partial genes of TCs were found to play roles in cell signalling by analysing the genetic profile of murine lung TCs [28, 29] . However, our findings indicate that transplanted TCs may interact with MSCs mainly through the altered microenvironments from TCs or MSCs and the intercellular communication of mediators, as the majority of transplanted TCs and MSCs were allocated more independently and the minority of both was gathered. We speculate that TCs might contribute to the migration of MSCs to the lung tissue, survival of MSCs in lung tissue, and therapeutic effects of MSCs on asthma, probably through the alterations of inflammatory cells and mediators.
The present study provides a clear evidence that there were synergistic effects of TCs-MSCs co-transplantation in experimental asthma, although the exact mechanisms are to be furthermore explored.
In conclusion, the present study at first demonstrated that the transplantation of TCs could improve allergen-induced airway inflammation and hyper-responsiveness preclinically, with the down-regulation of Th2-related cytokine IL-4, transcription factor GATA-3 and Th2 cell differentiation, while up-regulation of Th1-related cytokine IFN-c, transcription factor T-bet and Th1 cells proliferation. Co-transplantation of TCs with MSCs showed better therapeutic effects on experimental asthma, even though the therapeutic effects of TCs alone were similar to those of MSCs alone. Thus, our data indicate that the combination of TCs and MSCs can be a new alternative for asthma therapy.
